Left ventricular hypertrophy (LVH) is the most important independent marker of cardiovascular risk in adults with chronic kidney disease. Cardiovascular morbidity seems increased even in children with chronic renal insufficiency (CRI), but the age and stage of CRI when cardiac alterations become manifest are unknown. For assessing the prevalence and factors associated with abnormal LV geometry in children with CRI, echocardiograms, ambulatory BP monitoring, and biochemical profiles were obtained in 156 children aged 3 to 18 yr with stages 2 through 4 chronic kidney disease (GFR 49 ؎ 19 ml/min per 1.73 m 2 ) and compared with echocardiograms obtained in 133 healthy children of comparable age and gender. LV mass was indexed to height 2.7 . Concentric LV remodeling was observed in 10.2%, concentric LVH in 12.1%, and eccentric LVH in 21% of patients. LVH was more common in boys (43.3 versus 19.4%; P < 0.005). Probability of LVH independently increased with male gender (odds ratio [OR] 2.62; P < 0.05) and standardized body mass index (OR 1.56; P ‫؍‬ 0.01). Low hemoglobin, low GFR, young age, and high body mass index were independent correlates of LV mass index (0.005 < P < 0.05). LV concentricity (relative wall thickness) was positively associated with serum albumin (P < 0.05). Probability of abnormal LV geometry increased with C-reactive protein >10 mg/dl (OR 26; P < 0.001). In conclusion, substantial cardiac remodeling of both concentric and eccentric type is present at young age and early stages of CRI in children. Prevalence of LVH is related to male gender, anemia, and ponderosity but not to BP. Additional effects of volume status and inflammation on cardiac geometry are also evident.
SRD is associated with an excessive cardiovascular morbidity and mortality, which, in contrast to the general population, is not a function of patient age but rather driven by disease-related factors, resulting in severe cardiovascular damage in any period of life (1) . Hence, annual cardiovascular mortality rates are elevated several hundredfold in young adults with longstanding, childhood-onset chronic renal failure (2, 3) . Even in the pediatric age range, where cardiovascular mortality is extremely low, 25% of deaths in ESRD are attributable to cardiovascular disease (4) . In adults, cardiovascular disease usually begins before ESRD, and patients with chronic renal insufficiency (CRI) are more likely to die of cardiovascular complications than to develop ESRD (5, 6) .
Left ventricular (LV) hypertrophy (LVH) is the most common and identifiable cardiac alteration in ESRD, affecting up to 75% of dialysis patients (1, (7) (8) (9) . LVH is the most important indicator of cardiovascular risk both in the general population (10) and in adult patients with ESRD (11, 12) . In dialysis patients, LVH is closely correlated with hypertension and volume overload (13) , resulting in both concentric and eccentric changes in LV geometry. Less information is available in patients with mild to moderate CRI (1, 6, 14) . LVH seems to develop early in the course of renal failure and to correlate to some degree with GFR, hemoglobin, and BP (14) .
In adult patients with CRI, the assessment of the impact of renal failure on LV geometry is inevitably confounded by concomitant frequent presence of coronary heart disease and/or diabetic microvascular disease. The absence of these potential confounders makes pediatric CRI populations uniquely suited to study the association between renal failure and LV geometry. Because of the low incidence of CRI among children, published information on prevalence and severity of abnormalities of LV geometry in children is restricted to relatively small, selected groups of patients (15, 16) . The ongoing Effect of Strict Blood Pressure Control and ACE Inhibition on the Progression of CRI in PEdiatric Patients (ESCAPE) trial is evaluating progression of renal failure in children who have mild to moderate CRI and are undergoing angiotensin-converting enzyme (ACE) inhibition and intensified antihypertensive therapy (17) . A substudy of the ESCAPE trial has been conceived to assess the effects of antihypertensive treatment on echocardiographic LV geometry. This study examines prevalence, severity, and correlates of abnormal LV geometry at baseline.
Materials and Methods

Patients and Control Subjects
Concomitant echocardiograms and 24-h ambulatory BP monitoring (ABPM) profiles were obtained in 156 children who were treated for CRI in 20 pediatric nephrology units in seven European countries (see Appendix). Children were studied as part of the screening procedure for the ongoing ESCAPE trial (17) . The study protocol, including echocardiographic examinations, ABPM, and biochemical assessments, was designed in adherence to the declaration of Helsinki and approved by local Ethical Committees. Written informed consent was given from all parents, and informed consent or assent from the patients was given as appropriate. A group of 133 normotensive children who were of comparable age (15% aged 3 to 5 yr, 22% 6 to 8 yr, 23% 9 to 11 yr, 23% 12 to 14 yr, and 18% 15 to 18 yr) and gender distribution and studied in Naples, Italy, including a previously studied school population (18) and additional healthy volunteers, formed the normal reference population for this study.
Echocardiography
Echocardiograms initially were obtained in 179 children, according to local procedures, in the absence of standardization of acquisition method. Videotapes were shipped to the reading center for quality check and off-line reading. Quality of two-dimensional echocardiograms for measurements of LV dimensions was considered sufficient in 156 children. All echocardiograms were coded locally and in the reading center for cross-check of identity and compared with a historical reference group with comparable age and gender distribution. Echocardiograms were examined off-line, and the frames of interest were acquired digitally in a workstation that was equipped with digital overlay and a frame grabber. Measurements of interventricular septum, posterior wall, and internal dimension in systole and diastole were performed on two to five cardiac cycles, according to the American Society of Echocardiography recommendations (19) , using digital calipers on M-mode stop-frames, from perfectly oriented short-axis or long-axis parasternal view, whenever this was possible. When M-mode was considered suboptimal, measurements were taken using two-dimensional parasternal long-axis view (20) . All echocardiograms were measured by an expert sonographer who placed the electronic calipers on the interfaces. This first reading was double checked by a second, senior reader. The few disagreements were resolved by joint examination of the stop-frame and, when needed, by magnification of the region of interest to identify the interface better. LV mass (LVM) therefore was obtained according to a necropsy validated formula (21), the reliability of which has been determined in test-retest analyses (22). For accounting for differences in body size, LV end-diastolic diameter (LVEDD) was normalized for height. LVM was normalized for height in meters raised to the allometric power 2.7, which linearizes the relation between LVM and height (23) , and expressed in g/m 2.7 (LVMI). LVH was defined as an LVMI greater than the 95th percentile of the healthy control subjects (38 g/m 2.7 ) for both boys and girls. In addition, the prevalence of LVH was defined using a previously reported pediatric partition value that was based on an allometric exponent of 3 rather than 2.7 (i.e., 33.6 g/m 3 ) (24).
Relative wall thickness (RWT), a measure of concentricity, was calculated as the average thickness of the posterior and septal wall divided by LV diastolic diameter. A value of 0.375 (95th percentile of control subjects) was used as the cutoff to define concentricity (25) . Concentric remodeling was defined as elevated RWT with normal LVMI. No significant valve regurgitation was detected, and stroke volume could be calculated by linear measures of LV dimensions (26) and cardiac output obtained by stroke volumeϫ heart rate.
BP Monitoring
ABPM was performed with a Spacelabs 90207 automatic cuff-oscillometric device (Issaquah, WA). The cuff size was adjusted to the upper arm circumference. ABPM measurements were performed according to a standardized protocol (17) . ABPM measurements were performed every 15 min during the daytime and every 20 to 30 min at night. All ABPM profiles were analyzed centrally. ABPM profiles were divided into daytime (8:00 a.m. to 8:00 p.m.) and nighttime periods (12:00 a.m. to 6:00 a.m.). Mean values of 24-h mean, systolic, and diastolic BP were calculated and compared with published reference data from healthy children (27) . In addition to ABPM, office BP measurements were obtained at the time of the echocardiography after sitting for 5 min in a relaxed position, using auscultatory or oscillometric techniques.
Laboratory Assessments
A full biochemical profile was locally obtained in each center using standard laboratory techniques. In addition, serum and urinary sodium, creatinine (modified Jaffé method), C-reactive protein (CRP; ultrasensitive assay), intact parathyroid hormone (Nichols immunoradiometric assay), and urinary protein (Coomassie method) were measured centrally. GFR was estimated from serum creatinine and height using the pediatric equations of Schwartz et al. (28) .
Statistical Analyses
ABPM data were analyzed using the Spacelabs ABPM Report Management System. ABPM SD scores (SDS) were calculated using German reference data (27) . Swiss reference data were used to calculate height SDS (29) , and German reference data were used to calculate BMI SDS (30) .
All results are expressed as means Ϯ SD. Statistical analysis was performed using SAS version 8.2 (SAS, Cary, NC) and SPSS 12 (SPSS Inc., Chicago, IL). All variables were assessed for Gaussian distribution by Shapiro-Wilk testing, and nonnormally distributed parameters such as LVMI, CRP, and parathyroid hormone were log-transformed for parametric testing. Between-group differences in continuous variables were assessed for significance by t test in case of two groups and by ANOVA followed by Student Newman-Keuls multiple comparison testing in case of more than two groups. Spearman correlation coefficients were calculated for univariate analysis of associations among echocardiographic, anthropometric, and biochemical variables. Multiple stepwise linear regression analysis was performed to assess potential independent predictors of logLVMI, RWT, and LVEDD, controlling for the presence or absence of antihypertensive treatment. All anthropometric, biochemical, and BP-related parameters that showed significant or near-significant univariate correlations with logLVMI, RWT, or LVEDD were offered for selection to the model, and the default P Ͻ0.15 for entry to and P Ͼ 0.10 for exclusion from the model were applied. 2 or Fisher exact test was used to investigate differences in proportions of categorical variables. Logistic regression analysis was performed to identify independent effectors of categorical variables such as LVH and concentricity.
Results
Patient Characteristics
The baseline clinical characteristics of the patients and control subjects are given in Tables 1 and 2 . The underlying renal diseases were glomerulopathies in 12.9%, renal hypo/dysplasia in 63%, and other congenital or hereditary disease in 18.1%. Patients were comparable to control group for age and gender but slightly shorter and lighter (Table 1) . Eighty-seven patients did not receive any antihypertensive medication, 52 were on ACE inhibitor monotherapy, and 18 received additional antihypertensive drugs. Casual BP was elevated by 1 SD and 24-h BP was elevated by 1.2 SD relative to the reference populations. The time-integrated standardized values of mean arterial pressure and heart rate were positively correlated with each other (r ϭ 0.22, P Ͻ 0.01). None of the casual or 24-h BP parameters was associated with any of the anthropometric indices. Table 3 shows that patients with CRI presented with larger left ventricles, greater LVM, and greater relative wall thickness than healthy control subjects. An abnormal LV geometry was found in 43.3% of the patients, with 22.3% of all patients showing concentric LV geometry (i.e., hypertrophy or remodeling) and 21% exhibiting eccentric LVH. The prevalence of LVH was slightly higher using the previously reported cutoff value normalizing LVM to height 3 (40 versus 33% for height 2.7 ; P Ͻ 0.01); however, no significant difference was found for LVH distribution or LV geometry between the two approaches. Among the patients with LVH, eccentric geometry was present in 63.5%. The distribution of LV geometry was independent of the presence of arterial hypertension and did not differ between patients who were not taking any antihypertensive medication or who were taking ACE inhibitor monotherapy and other antihypertensive medication. The nature of the underlying renal disease was unrelated to the distribution of LV geometry.
LV Geometry
Predictors of LV Geometry: Univariate Analysis
Although mean LVMI or RWT did not differ significantly between genders, LVH was more frequent in boys (43.3%) than in girls (19.4%; P Ͻ 0.005; Figure 1 ). The prevalence of LVH was higher in boys who were younger than 9 yr (67.9%) than in older boys (32.2%; P Ͻ 0.005).
LVMI was positively correlated with BMI SDS (r ϭ 0.27, P Ͻ 0.001) and negatively with age (r ϭ Ϫ0.22, P Ͻ 0.01) and height SDS (r ϭ Ϫ0.18, P Ͻ 0.05). These relations were absent in the control group. LVMI was also inversely associated with GFR (r ϭ Ϫ0.22, P Ͻ 0.01) and hemoglobin (r ϭ Ϫ0.17, P Ͻ 0.05) and positively with serum triglycerides (r ϭ 0.21, P Ͻ 0.05) and phosphate (r ϭ 0.17, P Ͻ 0.05).
In contrast, LVMI was not correlated with casual BP or with any of the ABPM BP characteristics. Even in the 87 patients who were not receiving any antihypertensive medication, no correlation between LVMI and BP was found, despite a wide range of LVMI (18 to Figure 2 ).
LV concentric geometry was significantly more common in patients who were younger than 12 yr (30.7%) than in adolescents who were older than 12 yr (8.7%). LV concentric remodeling or hypertrophy was observed in five (83%) of six patients with CRP Ն10 mg/dl but in only 19.1% of patients with lower or negative CRP levels (P Ͻ 0.005). RWT was positively correlated with serum albumin levels (r ϭ 0.20, P ϭ 0.01). RWT was significantly lower in the 41 patients with serum albumin Ͻ40 g/L (0.302 Ϯ 0.056) than in normoalbuminemic patients (0.334 Ϯ 0.052; P Ͻ 0.01). Moreover, RWT was weakly associated with standardized daytime heart rate (r ϭ 0.16, P Ͻ 0.05) but not with BP, age, GFR, or hemoglobin. The distribution of LV geometry did not differ between patients who were not taking antihypertensive medication or who were receiving ACE inhibitor monotherapy and other antihypertensive medication. LVEDD, a rough measure of preload, was inversely correlated with age (r ϭ Ϫ0.34, P Ͻ 0.0001), hemoglobin (r ϭ Ϫ0.24, P Ͻ 0.005), GFR (r ϭ Ϫ0.17, P Ͻ 0.05), serum bicarbonate (r ϭ Ϫ0.14, P Ͻ 0.01), and serum albumin (r ϭ Ϫ0.18, P Ͻ 0.05) and positively correlated with BMI SDS (r ϭ 0.19, P Ͻ 0.01) and proteinuria (r ϭ 0.26, P Ͻ 0.005).
Predictors of LV Geometry: Multivariate Analysis
Among the multiple factors that correlated with individual echocardiographic parameters in the univariate analysis, high LVMI was independently correlated to younger age, high BMI, low hemoglobin, and low GFR (Table 4) . LV concentric geometry was positively related to albumin, and larger LV chamber was positively related to younger age, high BMI, and low hemoglobin.
The probability of LVH was independently increased by BMI SDS (odds ratio [OR] 1.56; 95% confidence interval [CI] 1.1 to 2.2; P ϭ 0.01) and male gender (OR 2.62; 95% CI 1.06 to 6.5; P Ͻ 0.05). The probability of eccentric LVH was increased in boys (OR 4.38; 95% CI 1.38 to 13.9; P ϭ 0.01), whereas the likelihood of concentric LV geometry markedly increased with CRP Ͼ10 mg/dl (OR 26; 95% CI 1.8 to 385; P Ͻ 0.001), with an additional minor contribution of BMI SDS (OR 1.48; 95% CI 1.01 to 2.18; P Ͻ 0.05).
Discussion
To establish the prevalence of LV geometric abnormalities in children with mild to moderate CRI, several methodologic issues had to be solved. Because of the low incidence of CRI in children, a multicenter study was required to collect a sufficiently sized pediatric sample of predialysis CRI. Because stringent standardization of echocardiographic acquisitions was not possible in this setting, off-line reading of videotaped examinations was performed using very strict criteria and two experienced observers. Furthermore, an appropriate definition of LVH in children had to be made. The reported frequencies of LVH in hypertensive children vary greatly, as a result, in part, of the use of differences in LVM normalization and in the criteria used to define pediatric LVH (20 -23,31) . We accounted for the physiologic allometric changes of LVM during childhood by indexing LVM to height 2.7 , according to most recent recommendations (23, 24) . This approach was adopted recently in several pediatric populations (24, 32) , and recent findings in adults have demonstrated that this method of normalization is superior to other standardization techniques in predicting cardiovascular disease (33) .
Prevalence of Abnormal LV Geometry in Children with CRI
Our study reports on the largest population sample of children with CRI in whom LV geometry has been assessed. One third of the 156 patients studied presented with LVH. This figure is similar to the rate of LVH observed in adults with mild to moderate CRI (1, 14) , whereas previous pediatric studies reported somewhat lower prevalences (15, 16) . The slight differences to earlier pediatric surveys may be due mainly to methodologic differences regarding population size, LVM standardization, and the choice of reference cutoff values (15, 34) . The methodologic issues briefly highlighted above also may explain in part the apparent differences in the distribution of LV geometry observed in this population in comparison with earlier work (15, 34) . In the two previous pediatric single-center studies that assessed LV geometry, concentric LVH appeared more frequent in predialytic CRI (15, 34) , whereas eccentricity was more common in children who were on dialysis (34) . Applying for the first time an RWT cutoff value established in healthy children (25) , we observed concentric LV geometry in 50% of all children with abnormal LV morphology in this large population with mainly mild to moderate CRI, whereas two thirds of patients in whom LVM was increased showed the eccentric type of LVH. These results are more consistent with findings in adults with CRI, in whom eccentric geometry was observed in 42 to 65% of patients with established LVH (14, 35) . Whereas in adult CRI populations associated coronary heart disease is a major confounder affecting the severity and geometry of LVH, our findings provide unequivocal evidence that LV remodeling of both eccentric and concentric types occurs early in the course of CRI even in the young.
Hemodynamic Mechanisms Related to Abnormal LV Geometry in Children with CRI
The left ventricle principally adapts to increased afterload by concentric and to increased preload by eccentric remodeling (36) . In advanced and end-stage renal failure, hypertension and volume overload are in fact the major contributors to concentric and eccentric remodeling, respectively. In the population studied here, detailed analysis of BP characteristics by ABPM did not demonstrate any relationship with LVM. In this crosssectional study, it cannot be excluded that early antihypertensive treatment masked an underlying association of BP and concentric LV geometry by preventing or reversing concentric LVH. However, also in the large subgroup of untreated patients, no relationship between BP and LVM or concentricity was apparent, despite a wide range of BP. Hence, our data suggest a minor role of hypertension in the pathogenesis of LVH in early CRI. In line with this notion, in previous studies, consistent correlations of LVM and BP were limited to patients with ESRD (7, 9) .
The high proportion of patients with eccentric LVH was unexpected. Fluid overload is generally believed to be a feature of ESRD and was even more surprising in a pediatric CRI population with predominating hypo/dysplastic renal disorders, where salt and water loss is common. Nevertheless, the clear increase in LV diastolic dimension, accentuated in young and anemic children, indicates significant volume overload even in mild to moderate CRI. A relationship between preload and eccentricity was also indirectly suggested by the positive association between serum albumin and RWT, the marker of LV concentricity: Low serum albumin levels, likely indicating an increased circulating volume, were associated with a lower RWT. An overactivation of the renin-angiotensin-aldosterone system as reported in various progressive nephropathies might provide a plausible explanation for an early increase in circulating volume in this population (37) .
Nonhemodynamic Mechanisms Related to Abnormal LV Geometry in Children with CRI
Male gender was independently associated with a more than four-fold risk for LVH. This finding is in keeping with previous observations in animals as well as pediatric and adult patients showing an increased LV growth in male individuals who were exposed to increased cardiac pre-or afterload (9, 38, 39) . It is interesting that in our study, the association was strongest in prepubertal children, in whom gender-specific gonadal steroid production is not yet established. It is tempting to speculate about genes that regulate the activity of myocardial remodeling located on a sex chromosome. A possible candidate may be the angiotensin type II receptor gene, which resides on the X chromosome, exists in polymorphic variants resulting in different protein expression levels, and exerts mainly antiproliferative, proapoptotic actions on cardiomyocytes (40, 41) .
Relative body mass was a major predictor of LVM and geometry. The probability of LV concentric geometry increased by 48%, and the risk for LVH increased by 56% per unit of standardized BMI. Although obesity is known to be associated with concentric LV geometry and LVH in children and adults (31, 42, 43) , BMI is also a strong determinant of LVM within the normal range of body weight and in the absence of hypertension when LVM is normalized for height 2.7 (24, 32) . The common relationship between BP parameters and anthropometric indices was not manifest in this study. The presence of few obese patients and few patients with low normal BP probably concealed this physiologic relationship in the CKD population studied here.
Renal anemia is a serious complication of CRI with a potential major impact on LV remodeling. Changes in hemoglobin levels parallel LV growth in longitudinal observational studies in adult patients with CRI (1, 14, 44) . In our population, hemoglobin was an independent negative correlate of both LVMI and LV chamber dimension, suggesting that anemia is associated with increasing circulating volume and preload. However, only a minor part of the variation in LVM was explained by anemia, and hemoglobin levels did not predict the geometry of cardiac remodeling. Hence, renal anemia seems to contribute moderately to the high prevalence of LVH in children with stages 2 to 4 CKD.
Recent evidence suggests that CRI can directly influence LV growth and function through nonhemodynamic-mediated stimuli such as chronic inflammation and hyperparathyroidism (45, 46) . In this study, elevations (Ͼ10 mg/dl) of serum CRP, the most sensitive marker of tissue inflammation, was associated with concentric LV geometry. In adult CRI and dialysis populations, CRP is elevated in a large proportion of patients, correlates with LVH, and is a strong predictor of cardiovascular morbidity and mortality (47, 48) . Both in malnourished and obese patients with CRI, low-grade inflammation is found in the presence of an accelerated, calcifying arteriopathy (3, 46, 49) , a process that results in increased arterial stiffness and an LV pressure overload (50, 51) . Arterial stiffness and calcification are in fact closely associated with LVH in hemodialysis patients (52) . Our findings suggest that a link between inflammation and LVH may already be operating even in pediatric CRI. Whereas vascular disease is commonly considered irrelevant in this age group, we recently observed arterial thickening and increased arterial stiffness even in children with mild to moderate CRI (53) . However, it should be emphasized that although the association of CRP with concentricity was highly significant, only a small absolute number of patients in this young, mildly uremic population presented with elevated CRP, and CRP was subthreshold in 80% of all patients with manifest concentric changes in cardiac geometry.
In conclusion, LV geometric abnormalities are present in a high proportion of children with mild to moderate chronic renal failure. Concentric and eccentric LV geometry are represented, likely as a result of an interaction between hemodynamic and nonhemodynamic factors. Male gender, a high BMI, anemia, fluid overload, and low-grade inflammation participate in the variation of LVM and geometry, whereas arterial hypertension seems to be less important. 
